Post-transplant lymphoproliferative disorder (PTLD) is a rare but frequently fatal complication of iatrogenic immunosuppression. PTLD encompasses a spectrum of B cell lymphoproliferations ranging from reactive plasmacytic hyperplasia to monomorphic B cell lymphoma. 1 The tumours are almost always associated with Epstein-Barr Virus (EBV), and similar lymphoproliferative disorders also occur in other congenital and acquired immunodeficiency states. 2 These malignancies reflect an imbalance in the normal control of EBV infection, although the virus is also linked to a subset of Hodgkin's disease and T cell lymphomas in apparently immunocompetent individuals. [3] [4] [5] Other EBV associated tumours occurring in particular areas of the world include Burkitt's lymphoma in equatorial Africa and nasopharyngeal carcinoma in South East Asia. 2 This review discusses the biology of EBV infection in the normal and immunocompromised host and the risk factors and pathogenesis of EBV associated PTLD.
Epstein-Barr Virus
EBV is an enveloped herpesvirus with a 172 kb double stranded DNA genome. 2 A defining feature of herpesviruses is their ability to maintain a latent infection with the virus genome retained in host cells without production of infectious virions. EBV targets B lymphocytes through the CD21 receptor and establishes a latent infection both in vivo and in vitro.
EBV INFECTION IN VITRO
In vitro infection of B lymphocytes with EBV results in the establishment of an immortalised B lymphoblastoid cell line in which the majority of cells contain a non-replicating episomal form of the EBV genome and only a small proportion of cells contain replicating virus. Lymphoblastoid cell lines express a panel of EBV encoded latent antigens which comprise six nuclear proteins (Epstein-Barr nuclear antigens (EBNA)1, -2, -3A, -3B, -3C, and leader protein (LP)) and three latent membrane antigens (LMP1, -2A, and -2B). Abundantly expressed small non-polyadenylated RNAs termed Epstein-Barr virus early RNA (EBER) 1 and 2 are transcribed but not translated, and a transcript from the Bam H1A reading frame is translated into protein, although its function is still unknown. 6 7 This pattern of EBV gene expression is termed latency III, and the immortalised phenotype of lymphoblastoid cell lines is determined by these EBV latent antigens.
8 EBNA1, -2, -3A, and -3C, EBNALP, and LMP1 are essential for host cell growth transformation.
2 EBNA1 is required for maintenance of the viral genome within an infected cell, whereas EBNA2 and -3C and LMP1 directly transactivate expression of cellular genes involved in normal B cell activation pathways. Thus, in contrast to cells infected with other DNA tumour viruses such as SV40 or adenovirus, which alter cell growth by interaction with cellular oncogenes or tumour suppressor genes, lymphoblastoid cell lines resemble normal proliferating B lymphocytes, albeit immortalised and with the expression of EBV encoded proteins. The pattern of EBV gene expression in lymphoblastoid cell lines and other forms of virus gene expression is shown in fig 1. 
EBV INFECTION IN VIVO
Establishment of a persistent infection is key to the life cycle of EBV in vivo. 2 Over 95% of the adult population worldwide is infected with EBV, with infection usually occurring in childhood. 19 Initial infection of B lymphocytes in pharyngeal lymphoid tissues follows transmission of virus through salivary exchange. In general, primary infection of healthy individuals is not accompanied by disease, although infectious mononucleosis occurs in around 50% of individuals in whom infection is delayed until adolescence. 20 As infection is normally asymptomatic, studies on primary EBV infection and the development of immune responses to EBV have generally been carried out on cases of infectious mononucleosis. The florid nature of these responses probably accounts for most of the symptoms and signs of infectious mononucleosis (fever, sore throat, myalgia, fatigue, lymphadenopathy, hepatosplenomegaly) which are therefore immunopathological in nature. 21 Antibodies to the early antigen complex, which comprises several immediate early and early proteins including the lytic cycle transactivator BZLF1, and to the late structural viral capsid antigen complex, develop early in infectious mononucleosis. In addition the membrane antigen complex, including the glycoprotein gp350, induces antibodies which are neutralising. 22 Thus by the onset of clinical symptoms high titres of anti-viral capsid antigen IgM and IgG as well as IgG against early antigen and membrane antigen complex can be detected. IgA against viral capsid antigen and early antigen complex may also be present transiently during this period. IgG antibodies to EBNA1, and less consistently to EBNA2, -3A, -3B, -3C, and LP, develop late during infectious mononucleosis and are often still rising after recovery. In addition to the EBV specific antibody response, serum heterophile antibodies can be detected in around 85% of cases of acute infectious mononucleosis. 21 These form the basis of the diagnostic Paul-Bunnel and monospot tests.
The key factor in controlling EBV infection is provided by cell mediated mechanisms. A characteristic feature of infectious mononucleosis is the presence of large numbers of atypical mononuclear cells in peripheral blood and infiltrating tissues, and these are predominantly EBV specific CD8+ HLA class I restricted cytotoxic T lymphocytes (CTL) directed against latent and lytic cycle antigens. 23 
PERSISTENT EBV INFECTION
After recovery from primary infection a healthy EBV carrier state is established where IgG antibodies against viral capsid antigen, membrane antigen complex gp350, and EBNA1 are consistently detected. Titres vary between individuals but tend to remain stable. 19 The presence of EBV specific memory T cells in normal EBV seropositive individuals was first identified through their ability to reactivate and cause regression of autologous B cell lines generated in vitro. 24 This CTL memory is maintained for life with a CTL precursor frequency of at least 1 in 10 3 to 10 4 circulating T cells. 25 The memory CTL response to EBV is mainly provided by HLA class I restricted, CD8+ cells, although some CTL activity has been identified from CD4+, HLA class II restricted cells. All EBV encoded latent antigens, with the exception of EBNA1, can be targets for CTL activity, although dominant reactivity against epitopes from EBNA3A, -3B, and -3C appears in a high proportion of individuals. 6 During acute infectious mononucleosis around 1 in 10 2 to 1 in 10 3 circulating B cells in peripheral blood are infected with EBV 26 and express the latency III pattern of transcription (fig 1) . 15 There may also be a subset of B cells in the peripheral blood containing virus undergoing lytic replication. 27 However, once humoral and cellular immune responses develop these cells are eliminated, leaving a population of around 1 in 10 6 circulating infected B cells expressing a more restricted pattern of EBV genes. 28 Viral gene expression in this cell population has not been entirely clarified, although EBNA1, required for maintenance of the viral genome and not processed for antigen presentation to CTL, 29 and LMP2A, which is involved in preventing reactivation, have both been detected in addition to EBER and Bam H1A RNA transcripts (fig 1) . 15 16 30 31 The expression of a minimal subset of genes that are not strong targets for CTL activity allows infected cells to evade the immune system and maintain a low level persistent infection. 32 The maintenance of detectable immune responses against the viral capsid antigen, membrane antigen gp350, and EBNAs suggests that EBV infected cells undergo lytic replication, with transient expression of the full panel of latent antigens followed by immune recognition and elimination in the majority of cases. Thus a dynamic flux appears to exist between latent infection and lytic replication in EBV infected B cells in the face of sustained immune mechanisms. EBV is continuously or sporadically shed in saliva, providing a route of transmission 33 ; however, the exact source of this free virus is unclear. It now seems most likely that the site of this productive infection is intraepithelial B cells in the pharynx rather than squamous epithelial cells. 
Post-transplant lymphoproliferative disease (PTLD)
In a normal EBV seropositive individual, a balance exists between viral load and immune mechanisms which maintains persistent infection at a subclinical level. However, following organ transplantation, when immunosuppressive treatment is required to prevent graft rejection, loss of CTL activity probably allows infected cells-perhaps expressing a latency III phenotype-to persist. This leads to the accumulation of EBV infected B cells in the body and enhanced virus replication. Thus following transplantation there is an increase in the level of EBV shed in saliva, in the number of EBV infected B cells in blood, and in the level of EBV DNA detectable in peripheral blood by polymerase chain reaction (PCR). [35] [36] [37] [38] [39] [40] These changes mirror loss of CTL activity and return to normal when the level of 
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immunosuppression is reduced. 41 42 This picture is sometimes called a "reactivated" EBV infection, although in most cases no disease ensues. However, in a minority of patients, uncontrolled EBV driven B cell proliferation occurs, leading to clinical post-transplant lymphoproliferative disease.
PATHOGENESIS OF PTLD
The incidence of PTLD varies with diVerent types of organ transplant, being most common in intestinal and heart/lung transplant recipients, and having the lowest incidence after bone marrow transplantation. 43 Overall, the disease occurs in around 1-10% of transplant recipients, is the most common malignancy in transplanted children, and is second only to squamous cell cancer in adults. 44 Over 50% of PTLD cases are associated with primary EBV infection and this accounts for the particular risk to paediatric transplant recipients. 45 46 EBV infection post-transplantation causes disease through inability to mount an eVective immune response which brings the infection under control. Disease generally occurs in the first year post-transplant and presents as an infectious mononucleosis-like illness. Where the organ donor is EBV seropositive and the recipient EBV seronegative, the donor organ can act as the source of infection. 47 48 In contrast, most cases of PTLD occurring in previously EBV seropositive individuals do not develop for over a year, and may present many years post-transplant. 44 PTLD comprises 56% of all neoplasms in bone marrow transplant recipients. 49 It occurs in less than 1% of all bone marrow transplant recipients, but the frequency increases to 24% in patients receiving T cell depleted marrow from an HLA mismatched donor, 12% in T cell depleted matched donors, and 14% if the recipient receives anti-CD3 antibody. 17 59-52 Many bone marrow transplant recipients have underlying immunodeficiencies which represent an independent risk factor for PTLD in this group, 18 and following transplantation are heavily immunodeficient owing to destruction of their bone marrow by chemotherapy or radiotherapy and because of immunosuppression to treat graft versus host disease (GVHD). Following bone marrow destruction before transplantation, the recipient may lose their original EBV isolate, which provides additional evidence for B cells as the site of EBV persistence. 53 This can result in the recipient becoming EBV negative following transplantation from an EBV seronegative donor, and perhaps subsequently undergoing reinfection through salivary transmission, or alternatively acquiring the isolate of an EBV infected donor. 53 54 Ablation of the recipient's bone marrow before transplantation and reconstitution of the recipient's immune system with donor cells means that PTLD is usually of donor B cell origin. 50 In contrast to solid organ transplant recipients, where PTLD can arise early or late post-transplant, PTLD generally arises early following bone marrow transplantation and is rapidly fatal. 50 The risk of PTLD is increased if the bone marrow is depleted of T cells before infusion to reduce GVHD, as donor T cells would be capable of mounting a defence against the development of PTLD of donor B cell origin. 50 However, if B cells are removed from the graft before transplantation 55 or if the donor is depleted of T cells and coincidentally of B cells by counterflow elutriation, this risk factor is eliminated. 56 The incidence of PTLD varies between transplant centres, probably reflecting the influence of diVerent immunosuppressive regimes on tumour development. The introduction of cyclosporin A in 1979 was accompanied by a large increase in PTLD, 57 and the addition of antithymocyte globulin (ATG) 58 -or more recently murine anti-CD3 monoclonal antibody, OKT3 59 and FK506
60
-to treat rejection episodes further increased the incidence. The cumulative dose of immunomodulatory drugs plays an important part in determining the risk of disease.
Most PTLD tumour cells express the latency III pattern of EBV gene expression, with a small proportion of cells undergoing lytic replication. 61 62 As expression of the latent antigens, particularly the viral oncogenes LMP1 and EBNA2, has profound eVects on the infected cell, with loss of growth control and induction of proliferation, this finding strongly suggests that EBV is directly responsible for polyclonal B cell hyperplasia and PTLD. However, the pattern of viral gene expression within a particular tumour may vary between individual cells 63 and occasionally latency type I and II patterns have also been detected in PTLD biopsies. 61 64 65 In these cases additional genetic or epigenetic changes are probably required for tumour outgrowth.
PTLD often develops in sites that are unusual in the context of other lymphomas, particularly in EBV seropositive individuals with late onset disease. 44 These are generally localised extranodal tumours and commonly occur in the gastrointestinal tract, central nervous system, or grafted organ, 60 62 66 the latter site being most common in lung transplant recipients. 68 It is therefore likely that additional factors associated with these particular organs render them favourable sites for PTLD development. The occurrence of PTLD in the transplanted organ, for example, may reflect the complex immunological interactions taking place during graft rejection or dysfunction that can enhance cytokine production. 68 69 In this context a recent study suggests an association between PTLD and cytomegalovirus disease. 70 This may simply reflect the combined loss of immune control for cytomegalovirus and EBV with high dose immunosuppression, but it is also possible that reactivation of cytomegalovirus has profound eVects on the immune system by inducing cytokine production which directly transactivate EBV genes. 71 In tumour biopsy material, EBV positive cells often make up only a modest proportion of the tumour mass, with an extensive EBV negative lymphoid infiltrate comprising predominantly CD4+ T lymphocytes. 72 In vivo experiments in severe combined immunodeficient (SCID) mice, where PTLD-like tumours can be generated following injection of human peripheral blood mononuclear cells, show that T cells are necessary for establishment of these tumours. 73 This suggests a role for the non-tumour element in PTLD development, possibly in supplying essential growth factors. Reverse transcriptase polymerase chain reaction (RT-PCR) and in situ hybridisation studies of SCID generated tumours have shown that tumour cells produce cytokines that can stimulate B cell growth in an autocrine fashion. 74 Thus established tumours may not require additional growth factors, allowing greater autonomy by the tumour cells.
Progression of PTLD from polyclonal to more aggressive monoclonal lesions regularly occurs in untreated cases or in recurrent lesions, 43 and probably involves additional cellular genetic changes, although data on this are inconclusive. Some studies report changes in the tumour suppressor gene p53 and oncogenes c-myc and N-ras. 75 76 These changes may abrogate the need for expression of growth transforming EBV antigens, as in the case of rare EBNA2 and LMP1 negative tumours. 61 
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DIAGNOSIS OF PTLD
The diversity of clinical and histological presentation of PTLD can make diagnosis difficult. A common clinical presentation, particularly in early onset PTLD, is an infectious mononucleosis-like illness accompanied by fever and lymphadenopathy, and this may be mistaken for opportunistic infection or graft rejection. Similarly, late onset PTLD may present as persistent febrile illness, and in this case PTLD may be considered only after treatment for other opportunistic infections such as cytomegalovirus. 43 The laboratory procedures for diagnosis of PTLD are discussed here and summarised in table 1.
Immunohistochemical analysis of tumour biopsy material is essential to provide a definitive diagnosis of PTLD, and in situ hybridisation for detection of the abundantly expressed EBER RNAs is routinely used to determine involvement of EBV in the disease.
1 These tumours show a marked degree of morphological, immunophenotypic, and genetic heterogeneity and have recently been classified into five separate types, outlined in table 2.
1
Detection of high levels of EBV DNA in peripheral blood mononuclear cells, while being associated with the occurrence of PTLD, is not diagnostic of disease. This is because, although high DNA levels are detected in most cases of PTLD, this is not always the case, and similar levels can be seen in patients who do not develop disease. 37 39 Caution must therefore be exercised in interpreting these tests. EBV DNA has also been detected in the serum of patients with PTLD. 77 This finding precedes PTLD development and may be a predictive factor for the disease because-apart from the specific cases of infectious mononucleosis 78 and nasopharyngeal carcinoma 79 -it is apparently unique to PTLD.
Assessment of tumour cell clonality is of limited use in providing clear prognostic information in PTLD owing to the unpredictable nature of these lesions. However, polyclonal lesions tend to be more responsive to conservative treatment such as reduction of immunosuppression, whereas monoclonal tumours, which may contain additional cellular genetic changes, are often more aggressive. Owing to the risk of sampling error in determining clonality by immunohistochemistry, the preferred method is PCR to detect immunoglobulin gene rearrangements. 80 81 Most cases of PTLD probably arise as polyclonal proliferations, but untreated or recurrent lesions progress to oligoclonal or monoclonal tumours. 82 Multiple sites of tumour involvement may show all stages of progression, and even within an individual tumour, polyclonal proliferations can coexist with clonal populations. 75 Serological analysis is of little value in the diagnosis of PTLD, and may even be misleading owing to the severe immune dysfunction in these patients. If available, testing a pretransplant serum sample will determine whether the patient was previously seronegative, and if so, then detection of IgM antibody against viral capsid antigen is diagnostic for primary EBV infection and suggestive of PTLD. However, EBV specific IgM and IgG antibodies, as well as heterophile antibodies, may be slow to appear and of very low titre in this patient group. In previously EBV seropositive patients, antibody titres to EBV antigens are often high, but this is common post-transplant, and reflects immunosuppression rather than PTLD specifically.
TREATMENT Mortality from PTLD remains over 50% despite the use of a variety of treatment strategies. Published studies tend to be small scale, anecdotal, and complicated by the diversity in presentation of PTLD and in the histological features of the cases. In general, however, as Startzl et al observed that lesions could regress spontaneously following reduction in immunosuppression, 83 this is now the first line of treatment for PTLD in solid organ transplant recipients. There is no definitive classification for predicting the response of these tumours to reduced immunosuppression, although early onset polyclonal PTLD associated with primary EBV infection is usually more responsive than monoclonal tumours appearing in EBV seropositive individuals over one year post-transplant. 1 76 Clearly this strategy carries with it the risk of graft rejection, so cases must be carefully monitored and treatment tailored to clinical events. High doses of the antiviral drugs acyclovir or gancyclovir are often included in the treatment, in combination with reduced immunosuppression. 84 However, as these drugs only block herpes virus replication, 85 their value in PTLD, where most EBV infected cells are latently infected, remains unclear. Surgical resection, irradiation, or chemotherapy are used to treat PTLD where initial reduction in immunosuppression fails. 84 Interferon alfa has also been eVective at inducing complete remission in both polyclonal and monoclonal lesions, although the precise mode of antitumour action is not known. 86 Because of the high mortality from PTLD, new treatment strategies involving T cell immunotherapy are now being assessed. PTLD presents an ideal target for this type of treatment for several reasons. First, immunogenic EBV antigens are expressed only on tumour cells and not on normal cells, and therefore this treatment is specific for the tumour; second, CTL are relatively easy to culture in vitro in large numbers; third, immunotherapy carries less risk of damage or loss of the grafted organ than reduction in immunosuppression (this is of particular importance in heart/lung and liver transplants, where loss of the graft would be fatal); finally, immunotherapy is non-toxic and therefore preferable to chemotherapy.
EBV specific CTL activity can be restored in bone marrow transplant recipients through adoptive transfer of EBV specific polyclonal T cells of donor origin. 87 Similarly a pilot study has shown restoration of EBV specific CTL activity in healthy EBV seropositive liver and kidney transplant recipients following infusion of in vitro expanded autologous CTL. 88 The CTL were retained, remained functional for at least three months post-infusion, and caused reduction in levels of EBV DNA detectable in the blood. Advances have also been made in using chemically engineered major histocompatibility complex tetramers which could be used to enrich populations of antigen specific CTL. 89 These complexes have already been used by Callan et al to directly visualise antigen specific CD8+ T cells during a primary immune response to EBV in vivo in humans. 90 The strategy for adoptive CTL treatment in bone marrow transplant recipients is more straightforward than in solid organ transplant recipients, as in most cases the marrow donor is available. As the recipient has adopted donor lymphoid tissue, and any developing PTLD is generally of donor cell origin, CTL obtained from the donor can be used for treatment. In solid organ transplant recipients, however, where the organ is usually of cadaveric origin, autologous CTL must be grown in vitro from T cells obtained before transplantation for use at a later date if PTLD should arise. This would be a costly and time consuming procedure as ideally T cells should be grown for each transplant recipient. An alternative strategy is to use allogeneic CTL grown from healthy donors on a best HLA match basis. 81 This strategy is now being developed by Haque in our laboratory, such that a panel of frozen HLA typed, EBV specific CTL is banked and ready to infuse into patients with PTLD.
